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Hybrid crystallization of organic and inorganic molecular building blocks, that is, metal complexes, clusters, and organic molecules, is an effective strategy for creating functional organic-inorganic hybrid compounds with unique properties that are different from those of conventional all-inorganic compounds. Because these building blocks are associated with each other through weak intermolecular interactions such as van der Waals forces, hydrogen bonding, and coordinate covalent bonding, the hybrid crystals frequently exhibit excellent flexibility in the solid state [1] and unique ordered crystal structures [2][3][4], polymeric crystal frameworks [5], and their switching by external stimuli [6], which are the origin of several electronic and optoelectronic properties [7,8]. For example, Owczarek et al. investigated non-centrosymmetric low-weight molecular crystals comprising halogenated imidazole derivatives and their solid solutions, which exhibit ferroelectricity, piezoelectricity, and mechanical flexibility [9]. You et al. recently reported that a chloromanganese-based organic-inorganic hybrid-layered perovskite exhibits significantly large piezoelectricity similar to that of conventional barium titanate piezoceramics, because of the temperaturedependent structural phase transition triggered by the ordering and disordering of counter ammonium cations [10]. It should also be emphasized that fabricating thin films and single crystals of these compounds is possible using the solution process. This process facilitates the development of low-cost devices potentially used in information processing and electronic and optical applications. Hence, organic-inorganic hybrid crystals built with a combination of molecular building blocks have promising properties to circumvent some long-standing challenges in the field of conventional ceramic materials.

[Mo 6 X i 8 X a 6 ] 2-(X = halogen) are known as functional metal clusters based units (MCs) suitable for constructing organicinorganic hybrid compounds owing to their well-defined coordination structure and a wide range of interesting optical properties [11][12][13]. The molybdenum octahedron is stabilized by eight covalently bonded X i s and six ionically bonded X a s [14], providing a nano-scaled complex anion with a divalent negative charge. The negative charge of the MCs induces electrostatic association with both metal and organic cations such as cesium (Cs + ) and tetrabutylammonium (TBA + ) [15][16][17][18], thereby leading to the formation of ionic crystals with a long periodical range. In MC-based compounds, the counter cations generally occupy large interspaces formed by the anionic sublattice and are connected by hydrogen bonding via the X a -sites and/or electrostatic interactions. Hence, there has been considerable interest in organic-inorganic hybrid MC-based compounds. For a. National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan. instance, novel optical and electronic functionalities could be exploited thanks to their structural diversity and the possibility of phase transitions. The tunability of structural arrangements and phase transitions are favored by the possibility of substitution on the X a -site and reorientational motions of counter organic cations.

In this context, we explored the structural and optical properties of MC-based compounds containing molecular organic components. In a previous study [19], we reported that high concentrations of solvent molecules, such as dichloromethane and methanol, are entrapped by the interstitial sites of Cs 2 [Mo 6 Cl i 8 Cl a 6 ], which re-invokes easy insertion of the solvent molecules with the MCs during crystal growth operations. The present study focuses on the crystallization of high-purity MC-based compounds to understand their intrinsic structures and optical properties. As a result, we found that a typical MC-based organic-inorganic hybrid compound, (TBA) 2 [Mo 6 Br i 8 Br a 6 ], shows interesting phase transition behavior at low temperatures. Based on the crystallographic studies on (TBA) 2 [Mo 6 Br i 8 Br a 6 ], Kirakci et al. have already reported that the compound crystallizes in the monoclinic phase with the space group P2 1 /n (phase I) at both 293 and 100 K [15,16], as displayed in Fig. 1. However, we have discovered that the conformations and relative positions of the MC unit and TBA + cation were slightly reoriented in the intermediate temperature range (143 K), resulting in a structural transition to an unknown superlattice phase (phase II) without symmetry breaking. The crystal structure retained the conventional phase I at both higher (e.g., 203 K) and lower (e.g., 113 K) temperatures. Interestingly, this reentrant phase transition simultaneously prolonged the luminescence lifetime by 1.7 times. Herein, we investigate and report the reentrant phase transition of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] using single-crystal X-ray diffraction (SCXRD) and demonstrate how the structural change affects its luminescence properties. Our findings will open the door for exploring the structural versatility and new properties of MC-based compounds.

For the preparation of (TBA) 2 [Mo 6 Br i 8 Br a 6 ], Cs 2 [Mo 6 Br i 8 Br a 6 ] was synthesized using a previously reported method [15]. Subsequently, the Cs + cation was substituted by the TBA + cation in a 50/50 ethanol (EtOH)/H 2 O mixture, as described in the SI. Because the pristine sample included some impurity phase(s), it was purified by recrystallization in dehydrated solvents. Figure 2 shows powder X-ray diffraction (XRD) profiles of the samples recrystallized in acetonitrile (MeCN), tetrahydrofuran (THF), acetone, and a mixture of acetone/EtOH. The profiles indicate that these procedures successfully yielded single-phase (TBA) 2 [Mo 6 Br i 8 Br a 6 ] crystallized in a well-known crystalline form, as reported in previous studies [15,16]. No trace of residual phase was found in XRD patterns, indicating that cationic exchange between Cs + and TBA + was completed. By comparing the XRD patterns, it can be seen that recrystallization in MeCN, THF, and acetone caused peak splitting and/or small humps which could not be indexed as diffraction from (TBA) 2 [Mo 6 Br i 8 Br a 6 ]. For example, small humps were observed at 2θ = 9.02° and 13.02° in the profile for the specimen recrystallized in MeCN (Fig. 2a). Similarly, the diffraction peaks for the sample recrystallized in THF and acetone at around 2θ = 13-14° (Fig. 2b,c) showed splitting into more than four peaks. Those results were inconsistent to the simulated profile of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] (Fig. 2e). The diffraction profile for the specimen recrystallized in THF also showed an unknown sharp peak at 2θ = 29.88°. These unidentified peaks were possibly due to a secondary phase involved in solvation of (TBA) 2 [Mo 6 Br i 8 Br a 6 ]. Indeed, MeCN was reported to be easily solvated with metal clusters [20]. Since single phase sample, without any trace of resudual phases were obtained by recrystallization in acetone/EtOH (Fig. 2d), we concluded that recrystallization in acetone/EtOH was suitable for the preparation of single crystal with better crystallinity and less contamination. Subsequently, we performed structural and optical characterizations of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] using single crystals purified by recrystallization in an acetone/EtOH solvent.

The crystal structure of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] was analyzed by SCXRD performed at 113-300 K (see Table S1 for the results of the structure refinements at 203, 143, and 113 K). When we Please do not adjust margins Please do not adjust margins assumed the known crystal structure of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] (phase I), the refinements of the diffraction intensities obtained at 203 and 113 K were well converged (R 1 ≈ 4-6.5%, e ≈ 1.0-2.5 e Å -3 ). While the structure refinement at 143 K was also well converged without serious electron residues, the intensity data indicated a new phase that had double-sized unit cell volume compared to phase I. Following discussion describes details in crystal structures determined by these refinements.

The refined lattice parameters are listed in Table S2 . This transformation also suggested that phase II can be regarded as a (pseudo)orthorhombic phase. The normalized unit cell volume (i.e., the cubic root of the volume) observed at each temperature (Fig. S1) shows good consistency with the linearity of thermal expansion (α = 63.34×10 -6 K -1 ), thus implying that the structural change induced little expansion/shrinkage of the crystal structure.

The double-sized unit cell of phase II is due to the small rotation and displacement of the MC unit and TBA + cation. The ORTEP diagram of the two crystal phases is shown in Fig. S2 illustrates a definite difference in the rotational angle of the MC unit and conformation of the tetrabutyl groups of the TBA + cation. Here note that the structure refinements revealed that a few C atoms (C14 and C33 for 203 K and C14 for 143 K) were disordered at 143 and 203 K. Indeed, the refined isotropic ADPs, B iso , listed in Tables S3 andS4 show that the ADPs for the C atoms resulted in particularly high values compared to those of the MC unit, which were indicative of active thermal motions of the TBA + cation.

A comparison between the crystal structures of phases I and II is presented in Fig. 3. The crystal structure of phase I at 203 K represented by a yellow unit cell shows that the MCs centered at (0, 0, 0) are lined-up in a single inclination pattern viewed from the ac plane. The tetrabutyl groups of the TBA + cations formed a square-hook pattern surrounding the MC. In contrast, when the crystal structure is transformed to phase II at 143 K (represented as a red unit cell in Fig. 3), the MC units become slightly rotated, resulting in two inclination patterns alternatively arranged over the ac plane. In addition to the rotational motions of the MC unit, the molecular conformation and relative positions of the tetrabutyl groups of the TBA + cation are also displaced. The rotational motions and conformational displacements of these building blocks increase the number of asymmetric molecules in the unit cell, thereby resulting in a double-sized unit cell in the crystal structure of phase II. The coordination environments surrounding the MC anion are shown in Fig. S3, indicating that the minimum interatomic distances of the H and Br atoms were in the range of 2.85-2.99 Å. Since the typical bond length of the H-Br hydrogen bond is 2.6 Å [21], the MC and TBA + ions are predominantly associated through electrostatic interactions.

In order to trace thermal anomalies accompanied with the phase transition, differential scanning calorimetry (DSC) measurement of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] was performed from 103 to 298 K. As shown in Fig. 4, a pair of endothermic and exothermic signals was observed at 181 K and 171 K in each heating and cooling cycle, corresponding to the phase transition between phase I and phase II. The thermal hysteresis of 10 K suggests that this phase transition was first-order type. Peak area analysis revealed that entropy change (ΔS) of this phase transition calculated by the equation ΔS = ΔH/T was 18.5 J K -1 mol -1 for heating and 13.5 J K -1 mol -1 for cooling. According to Boltzmann equation ΔS = R ln(N), where R is the gas constant, and N is the fraction of the number of geometrical distinguishable states in phase I and II, the value of N for heating was calculated to be N = 9.2, indicating that order-disorder of the constituent atoms should involve the phase transition. Significant increase of the N value in phase I was accounted for by disorder of the TBA + cations as discussed above. Additionally, note that present DSC measurements could not detect clear thermal changes at lower temperature side. The absence of thermal anomaly at lower transition temperature was attributed to limitation of the sensitivity of DSC instrument, as our set up using liquid-N 2 as coolant was not appropriate for measurements at such low temperature.

Figure 5a shows the photoluminescence (PL) spectra of the (TBA) 2 [Mo 6 Br i 8 Br a 6 ] crystal in the temperature range of 100-210 K. A broad emission centered at 788 nm was observed at 100 K and exhibited a blue shift with increasing temperature. According to a previous study [22], this luminescence blue shift originates in the zero-field splitting of emissive triplet states. Figure 5b shows the time-resolved photoluminescence (TRPL) spectra of the compounds measured at 100, 160 and 210 K. In this figure, the slope of the luminescence decay is reflected in Please do not adjust margins Please do not adjust margins the magnitude of the PL lifetime (τ). Moreover, the decays at 100 and 210 K were very close; however, that at 160 K clearly showed gentler slopes. Figure S4 that depicts the TRPL spectra over 100-210 K indicated that decline of the TRPL curve was enhanced at 100 K and in 190-210 K. This characteristic seems to be correlated with the temperature-dependent structural changes observed by SCXRD and DSC. It is noteworthy that the decay of the TRPL curve was maximally reduced at 170 K, which was almost identical to the phase transition temperature observed by DSC. In addition, decline of the TRPL curve was remarkably reduced by heating from 100 to 110 K, suggesting that the phase transition was assumed to be evoked. We approximated the value of τ from the curve fitting of the TRPL spectra by assuming an exponential decay component (i.e., I(t) = I 0 e -t/τ ). The results of the curve fitting shown in Table S5 indicate that the values of τ at 100 and 210 K were equal and calculated to be 180 μs. However, the τ value observed at the intermediate temperature, e.g., at 160 K further extended to τ = 300 μs. Assuming that the intrinsic radiative decay of [Mo 6 Br i 8 Br a 6 ] 2-was constant [23], the extended PL lifetime suggested that radiative decay became more dominant by the inhibition of non-radiative processes.

The above measurements revealed that (TBA) 2 [Mo 6 Br i 8 Br a 6 ] exhibited a temperature-induced reentrant phase transition accompanied by a significant prolongation of its PL lifetime. Here, we discuss the possible origins of these behaviors. In general, a class of crystalline compounds comprising alkylammonium cations often undergo one or more phase transitions. This is because their high-temperature phases are generally associated with the freedom of rotational and reorientational motions of the alkylammonium cations [24,25]. In MC-based compounds, a phase transition of (TBA) 2 [W 6 Cl i 8 Cl a 6 ], similar to the present study, has already been reported by Johnston et al. [26]. This study reveals that (TBA) 2 [W 6 Cl i 8 Cl a 6 ] undergoes a structural transition from the P2 1 /n unit cell at room temperature to the P2 1 /c double-sized cell at 268 K. The structural refinement of (TBA) 2 [W 6 Cl i 8 Cl a 6 ] performed at 150 and 200 K indicate very close similarity between the packing arrangements of the room-and low-temperature cells and disorder of the hydrocarbon chain for one of the TBA + cations in these cells. The rotational angle of the [W 6 Cl i 8 Cl a 6 ] 2-anion and the relative positions and conformations of the TBA + cations resemble those of (TBA) 2 [Mo 6 Br i 8 Br a 6 ], but are not completely identical. In addition, the literature did not mention whether the unit cell of (TBA) 2 [W 6 Cl i 8 Cl a 6 ] could exhibit a reentrant transition to the half-size cell at temperatures lower than 150 K. Therefore, the (TBA) 2 [M 6 X i 8 X a 6 ] compound system could commonly exhibit a phase transition between the already known P2 1 /n phase and double-sized P2 1 /c phase, originating in the motions of the MC and TBA + ions in a low temperature range. However, the reentrancy of the structural transition is specific to the (TBA) 2 [Mo 6 Br i 8 Br a 6 ] compound system. With temperature dependency of luminescence properties for MC-based compounds, Kitamura et al. [20] reported that the luminescence lifetime of (TBA) 2 [Mo 6 Cl i 8 Cl a 6 ] was approximately 200 μs at 100 K and monotonically decreased with increase in temperature. Thus, it seems that the reentrant characteristics of the luminescence lifetime is specific to TBA 2 [Mo 6 Br i 8 Br a 6 ]. Interestingly, the literature reported that (TEA) 2 [Mo 6 Cl i 8 Cl a 6 ] (TEA = tetraethylammonium) exhibited significantly longer luminescence lifetime than that of the TBA salt in entire temperature range (e.g., τ ≈ 250 μs at 100 K), suggesting that packing arrangement of the MC units affects the luminescence property. From those discussion, we concluded that the reentrant change of the PL lifetime should be involved by the phase transition between the conventional and double-size cells.

To understand the reentrant transition of the crystal structure and investigate the luminescence properties of (TBA) 2 [Mo 6 Br i 8 Br a 6 ], we calculated the formation enthalpies of phases I and II using density functional theory. The computational results showed that the difference in the formation enthalpies of both unit cells was less than 0.02 eV Please do not adjust margins Please do not adjust margins (Table S6), thereby suggesting that they are comparable at 0 K. Thus, we assume that the phase transition of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] would not be significantly associated with the enthalpic effect, but with the entropic effect. Indeed, we observed disorder of the C atoms in the crystal structures at 143 and 203 K. Moreover, the isotropic ADPs summarized in Tables S3 andS4 indicated particularly small B iso values for the C atoms refined at 143 K. Interestingly, they were significantly smaller than those at 113 K refined by the present study and those at 100 K reported in the literature [16], although atomic motions in solid states are generally reduced at lower temperatures. This indicates that the packing arrangement of phase II is characteristic of suppressing the thermal motions of the TBA + cations. We assume that the atomic motions and disorder of the packing arrangement would contribute to an increase in the entropy of phase I, and then the packing arrangement of phase I would stabilize at 113 K. In addition, the enhancement of the PL lifetime in phase II is rationalized because the atomic motions of the TBA + cations were particularly reduced.

In summary, herein, we investigated the impurity-free crystal growth of (TBA) 2 [Mo Br i 8 Br a 6 ] and its crystallographic characterization at different temperatures. The results revealed that the compound underwent a reentrant phase transition between the already known P2 1 /n phase observed at 113 K and 203 K and a double-sized P2 1 /c super lattice observed at 143 K. We highlight that the phase transition to the double-sized lattice exhibited a significantly longer PL lifetime (τ = 300 μs) compared to previously reported ones [27]. This is indicative of an enhancement in the luminescence efficiency along with the structural transition. There have been a few studies that have investigated the phase transitions and crystallographic polymorphs of MC-based compounds [26]. Therefore, this study is the first to discover the reentrancy of the phase transition and improvement of the optical property by the crystal structure change in the MC-based compound system; meanwhile this study still remained some structure and property investigations such as temperature-variable measurements of powder XRD and photoluminescence quantum yield, and those will be vital to further understand the present phenomena. The phase transition of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] is associated with the rotational and reorientational motions of the MC and TBA + ions. Therefore, hybrid crystallization between the MCs and alkylammonium cations is promising for providing further structural diversity and new functionalities characteristic of non-centrosymmetric structures such as piezoelectricity and ferroelectricity. Hence, we will continue the crystallographic investigations and explore the functionalities of these family compounds in the future.

Figure 1 .

 1 Figure 1. Crystal structure of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] with the space group P2 1 /n. Hydrogen atoms are not shown for clarity.

Figure 2 .

 2 Figure 2. Powder XRD patterns of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] recrystallized in (a) MeCN, (b) THF, (c) acetone, and (d) a mixture of acetone and EtOH. (e) and (f) are simulated ones for (TBA) 2 [Mo 6 Br i 8 Br a 6 ] and Cs 2 [Mo 6 Br i 8 Br a 6 ], respectively. Arrows presented in (a), (b), and (c) denote unidentified diffraction peaks. Every observed peak of (d) was indexable as the diffraction from (TBA) 2 [Mo 6 Br i 8 Br a 6 ] with the lattice parameters of a = 13.285 Å, b = 11.914 Å, c = 18.964 Å, and β = 90.957° belonging to the space group P2 1 /n.

  . The parameters observed at 203 K resulted in a = 13.136(1) Å, b = 11.763(1) Å, c = 18.975(1) Å, β = 90.737(1)°, and V = 2931.6(2) Å 3 , which is known to be phase I. However, the lattice parameters observed at 143 K (phase II) were significantly different from those observed at 203 K. As shown in Table S2, good convergence of the structural refinement was achieved when a super-lattice structure was assumed. The refined lattice parameters of phase II were a = 22.820(3) Å, b = 11.989(2) Å, c = 22.879(3) Å, β = 111.912(4)°, and V = 5807.2(13) Å 3 . It is noteworthy that the cell volume of phase II was exactly two times larger than that of phase I, as transformable to a cell (a = 12.792 Å, b = 11.989 Å, c = 18.933 Å, and β = 89.841°) identical to that of phase I using a transformation matrix P = 1

Figure 3 .

 3 Figure 3. Projection viewing of the crystal structure of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] refined at 203 K (phase I) and 143 K (phase II). The unit cell of phase I represented with semi-transparent yellow color is overlaid on that of phase II represented in red color. This figure indicates that rotational orientation of the MC unit and displacement of TBA + caused the phase transition.

Figure 5 .

 5 Figure 5. (a) PL and (b) TRPL spectra of (TBA) 2 [Mo 6 Br i 8 Br a 6] observed at 100, 160, and 210 K in the solid state. The PL spectra were blue-shifted with increasing temperature owing to the zero-field splitting of emissive triplet states. The spectrum shape slightly changed owing to the temperature changes. In contrast, the TRPL curve measured at 160 K exhibited a gentler slope compared to other curves, thereby indicating prolongation of the PL lifetime at 160 K.

Figure 4 .

 4 Figure 4. DSC profiles of (TBA) 2 [Mo 6 Br i 8 Br a 6 ] for three heating and cooling cycles, measured from 103 to 298 K. Temperatures denoted in the plot indicate onset points of the observed endothermic or exothermic peak.
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Crystallographic information (Cif) data of (TBA)